Pseudomonas aeruginosa-derived alginate but no other neutral and negatively charged polysaccharides protected mucoid and nonmucoid strains of that organism against ciprofloxacin, gentamicin, ticarcillin, and ceftazidime. Data indicate that alginate has an intrinsic protective effect which is independent of diffusion, charge, or biofilm phenomena.
4.0% (wt/vol) polymer (normally 0.5% [wt/vol] in the case of P. aeruginosa alginate) and slowly shaken at 37°C. Samples (1.0 ml) were removed immediately after inoculation and rapidly serially diluted in PBS (9 ml), and 0.2-ml aliquots were spread on the surface of quintuplicate Nutrient Agar (Oxoid) plates. Subsequent samples were removed at suitable intervals for 30 min and treated similarly. After enumeration of colonies following incubation for 48 posed to ticarcillin and ceftazidime are shown in Fig. 4A and B, respectively.
The morphology of growing cells exposed to P-lactams was monitored microscopically, and the proportions showing lysis, spheroplast formation, or other antibiotic-induced changes with time corresponded well with the survival data illustrated in Fig. 4 .
Incorporation of alginate in Iso-Sensitest agar at concentrations which were observed by viable-count techniques to protect against ciprofloxacin permitted no increase in the MIC of ciprofloxacin for any of the five test organisms, nor were decreases in inhibition zone diameters for sensitivity disks of ciprofloxacin, ceftazidime, or aztreonam observed. In general, ciprofloxacin and the ,-lactams exhibited zone diameters in 2.0% (wt/vol) alginate which were 95 to 100% of those of the controls without alginate. The aminoglycoside tobramycin, however, produced zone diameters which were between 61 and 73% of the control value.
Hitherto, most in vitro studies implicating bacterial alginate in antibiotic resistance have illustrated protection only against aminoglycosides (2, 10, 13), but the data in this paper clearly show that alginate protects P. aeruginosa against antimicrobial agents of three chemically distinct types, viz., quinolone, aminoglycoside, and P-lactam (Fig. 1, 3 , and 4, respectively). While there have been isolated reports of enhanced 1-lactam resistance in mucoid cultures of P. aeruginosa (4), the present data are to our knowledge the first which demonstrate protection by alginate against cipro- floxacin. The mechanisms involved are unclear, but Fig. 2 demonstrates that the protection is not generally afforded by other carbohydrate polymers. The SCMC used possessed a negative charge density of 0.7 (compared with 1.0 for alginate), yet it was inactive. This, together with the absence of any net charge on ciprofloxacin (isoelectric point, 7.4), indicated that factors other than charge were responsible for the antagonism.
Baltimore et al. (2) demonstrated that alginate might protect E. coli and S. aureus against aminoglycosides (but not carbenicillin or piperacillin) by a non-diffusion-based mechanism. Our observations, made by using the same MIC determinations and susceptibility disk methods as those authors, entirely support their findings. However, the fact that a marked degree of ciprofloxacin and P-lactam inhibition was apparent in our study ( Fig. 1 and 4, respectively) clearly indicates that the construction of survivor plots for young cells exposed to antibiotic is a more-sensitive method of detecting antibiotic inhibition than those mentioned above.
Failure to eradicate chronic mucoid P. aeruginosa in pulmonary infections in patients with CF is a phenomenon which is not restricted to a single group of antibiotics. It is well established that susceptibility to many antibiotics is growth rate dependent (6) , and it is probable that the rate of growth of P. aeruginosa in the airways of patients with CF would be low as a result of depletion of iron or other VOL. 35, 1991 nutrients. The selection of PBS (rather than a conventional culture medium) in which to suspend the inoculum during exposure to ciprofloxacin and gentamicin in this study had the dual advantage of minimizing problems of interpretation of results due to possible interaction with medium components and imparting a more-relevant low growth rate on the exposed cells. The cells of the inoculum, however, were in mid-log phase in a rich medium prior to freezing, and it is probable that endogenous nutrients would have permitted at least some further growth.
Any explanation of the mechanism of protection must account for the effect occurring with three chemically unrelated antibiotics; thus, a non-charge-related binding is an obvious possibility. Alternatively, the alginate might bind an essential nutrient (3) and so impart an even slower metabolic rate and thus a diminished effect. While the mechanisms of biofilm protection are likely to be factors contributing to P. aeruginosa survival in vivo, they cannot account for the results reported here because the cells were dispersed in uniform suspension and were all in the same physiological state of active growth prior to their use as inocula. Thus, this intrinsic alginate protection is additional to the protective effect which is naturally associated with the biofilm mode of growth, and if these results were to be reproduced in vivo, the magnitude of the bacteria-alginate antagonism would have obvious implications for antibiotic efficacy. The findings in this study highlight the need to identify those features of both alginate and affected antibiotic molecules which mediate the protective effect.
